Zirconium carbide (ZrC) is becoming a promising hard material for high-temperature applications in the tool and nuclear energy industries. There are few methods for fabricating micrometric ZrC particles including the carbothermal reduction of zirconium dioxide and direct exothermic reaction of pure zirconium and graphite powder. A novel reduction method has been developed in this study to fabricate ultrafine ZrC powders using ZrCl 4 and carbon black as source materials and sodium bicarbonate (NaHCO 3 ) as a reductant. Simple rotation ball-milling was used to reduce the Cl-components in zirconium chloride by the sodium component in sodium bicarbonate, leading to the formation of nontoxic and stable sodium chloride. ZrC particles 150 nm in size were successfully obtained after heat treatment at 1673 K. The carbon content in the product could also be controlled by changing the initial carbon fraction.
Introduction
Zirconium carbide (ZrC) is emerging as a candidate material for ultrahigh-temperature applications because of its high melting temperature ($3;805 K), solid-state phase stability, good thermo-mechanical and thermo-chemical properties, and other desirable properties including high hardness and wear resistance. [1] [2] [3] Several possible methods for fabricating ZrC powders have been reported. One is the current commercial process of direct carbonization using pure zirconium and carbon. 4, 5) Although this process has allowed the production of wellformed stoichiometric ZrC, the initial use of pure zirconium powder has been one of its disadvantages. For this reason, carbothermal reduction of zirconia (ZrO 2 ) is applied on an industrial scale as well. 6, 7) However, a weakness of this latter process is that a temperature significantly above 1800 K is required to complete full carbothermal reduction. 8) In this study, we propose a novel approach for fabricating ultrafine ZrC powders using zirconium tetrachloride (ZrCl 4 ) and carbon black as source materials, with sodium bicarbonate (NaHCO 3 ) as the reducing agent for the chloride component. Since the starting material ZrCl 4 is not an oxide phase, we expected that it would be possible to synthesize fine particles at a relatively low temperature. Moreover, the approach simultaneously eliminates an environmental problem through the formation of non-toxic sodium chloride during the initial stage.
Experimental Procedure
Powders of zirconium chloride (ZrCl 4 ), carbon black, and sodium bicarbonate (NaHCO 3 ) were chosen as starting materials for the rotation ball-milling process.
In the first step, to study the formation of the crystal phases such as NaCl, Na 2 O and so on, an excess of 6 moles of sodium bicarbonate mixed with 1 mole of ZrCl 4 was ballmilled for 5 h in argon atmosphere, after which they were heat-treated at 773 K under the same atmosphere.
Next, the two materials above and carbon black were mixed to synthesize the ZrC particles. The carbon component can easily be consumed by the formation of gas phases such as CO or CO 2 after the heat treatment. Excess carbon black of 4$8 molar fractions was mixed with 1 mole of ZrCl 4 and 6 moles of sodium bicarbonate. The prepared materials were ball-milled for 5 h before being placed in an alumina boat and dipped into a tube furnace for a 4 h heat treatment at temperatures ranging from 1473 to 1673 K under argon atmosphere. After heat treatment, undesirable NaCl or other Na-containing compounds were dissolved and removed by water. The crystalline phases of the powders obtained in each step were analyzed by X-ray diffraction (XRD) with Cu K radiation. The morphology of the powders was investigated by field emission-scanning electron microscopy (FE-SEM) (JEOL JSM-6500F, JAPAN), and the carbon content was measured with an element analyzer (ELTRA CS-800).
Results and Discussion
Figure 1(a) shows the XRD pattern of the initial materials (1 mole of ZrCl 4 and 6 moles of NaHCO 3 ) simply mixed. After ball-milling, the mixture was transformed into NaCl phase with no sign of any other crystal phases ( Fig. 1(b) ). It was assumed that the ball-milled materials contained zirconium as well as a small amount of oxygen, of which there are two potential sources. One is the oxygen contained in NaHCO 3 , and another is the small amount of oxygen likely contained in the argon gas. It is also possible that the zirconium and oxygen components exist as an amorphous phase. It was necessary, therefore, to heat-treat the milled powders at a slightly enhanced temperature of 773 K under argon atmosphere. The XRD pattern of the resulting powder is shown in Fig. 1(c) . The broadened peaks of ZrO 2 indicated the typical amorphous profile. Such an amorphous phase formed in ball-milled powder may be kinetically more effective for carbonization into ZrC than stable zirconium oxide as the initial material. Figure 2 demonstrates the XRD patterns of the powder samples heat-treated for 4 h under argon atmosphere at various temperatures between 1473 and 1673 K. All samples in Fig. 2 were characterized after stirring in water before filtering. The Na-component in the final products was not detected in EDX analysis because the NaCl or Na 2 O could dissolve readily in water.
As shown in the XRD patterns, in the powder synthesized at 1473 K, the ZrO 2 phase appeared with some weak traces of ZrC phase. As the synthesis temperature increased, the ZrC phase continually increased to reach a high content while the ZrO 2 phase tended to disappear. We found that the ZrO 2 phase was still present together with ZrC phase at 1573 K. Finally, the clean and full ZrC crystalline phase appeared in the sample synthesized at 1673 K.
It was also important to compare the synthesis behavior above with that of commercial carbothermal reduction using nano-and micron-sized ZrO 2 particles. Therefore, we conducted carbothermal reduction synthesis of commercial nano-and micron-sized zirconia using the same 6 molar ratio of carbon black. The XRD patterns of samples treated at 1673 K are shown in Fig. 3 . The presence of ZrO 2 crystalline phases was evident even when using nano-sized ZrO 2 . Thus, it could be concluded that the proposed process is more effective for synthesis at lower temperature. It can be also explained by the formation of an amorphous structure between zirconium and oxygen atoms released by the sodareduction of chloride during ball-milling at room temperature. Such an initial amorphous phase may be transformed into extremely fine ZrO 2 particles during heating for carbonization, in which the oxygen component could be reduced by carbon more effectively.
Low-temperature synthesis of ZrC has many advantages including the small crystalline size of the final powder particles. We performed FE-SEM observations of the powders synthesized at 1673 K to confirm the particle size. Figure 4 (a) shows agglomerated structures with sizes ranging from 1 to 15 mm; upon further magnification (Fig. 4(b) ), nicely shaped spherical ZrC particles with sizes between 70 and 200 nm were observed.
In addition to particle size, the carbon content in synthesized ZrC powders is also an important factor for minimizing the free carbon. The stoichiometric carbon content in ZrC is 11.63 mass%. We carried out the several experiments to find the optimum molar ratio of initial carbon that would allow fabrication of pure ZrC powders with stoichiometric carbon content. Figure 5 demonstrates a plot of the carbon content measured in the final treated powders as a function of the molar ratio of the initial carbon.
The plot indicates that initial molar ratios of carbon powder of 4, 5, and 6 moles are not enough to fabricate the stoichiometric carbon content. On the other hand, adding 7 moles yielded a carbon content of 11.68 mass%, which was almost the same as the stoichiometric value. Exact measurements of fixed and free carbon contents are currently being studied by a solution technique using HCl and HF.
The initially required amount of carbon for reducing ZrCl 4 using NaHCO 3 can also be obtained from the following chemical equations: From eq. (1), 6 moles of carbon are required for full decomposition from the 6NaHCO 3 to 4NaCl. Subsequently, assuming that zirconium reacts with x moles of oxygen to form the amorphous-like structure, (1 þ x) moles of carbon are further required for its reduction. That is, the theoretically assumed total carbon content in the reduction reaction of 6NaHCO 3 + ZrCl 4 to obtain the stoichiometric ZrC is (7 þ x) moles. Therefore, based on the results of Fig. 5 , we surmised that the x value of the oxygen molar ratio contained in the ball-milled powder was close to zero. Otherwise, a small amount of oxygen probably existed with the formation of the ZrO 2 phase.
Conclusion
A novel reduction method for the synthesis of ultrafine ZrC powders using ZrCl 4 and carbon powders as source materials and sodium bicarbonate (NaHCO 3 ) as a reducing agent was successfully developed. Powders synthesized at different temperatures and various molar ratios of initial carbon content were characterized. When using 1 mole of ZrCl 4 and 6 moles of NaHCO 3 as the starting materials, the carbon molar ratio initially required to produce pure ZrC was about 7 moles. It was also demonstrated that the final powder synthesized at 1673 K consisted of the full ZrC phase, and that the average crystalline size of this phase was about 150 nm. Compared to the carbothermal reduction of ZrO 2 , the proposed process was very effective in fabricating ZrC powders with good stoichiometry at lower temperatures.
